A new set of radiative decay parameters (oscillator strengths, transition probabilities) for spectral lines in triply ionized thulium (Tm IV) has been obtained within the framework of the pseudo-relativistic Hartree-Fock (HFR) approach. The effects of configuration interaction and core-polarization have been investigated in detail and the quality of the results has been assessed through a comparison between different HFR physical models. The spectroscopic data listed in the present paper cover electric dipole as well as magnetic dipole and electric quadrupole transitions in a wide range of wavelengths from extreme ultraviolet to near infrared.
Introduction
Because of their unusual luminescent properties, triply charged lanthanide ions find many applications in different scientific and technological fields such as the lighting industry, photonics, laser physics and biotechnology, see e.g., [1] [2] [3] [4] [5] [6] . If we except La 3+ , all these ions are characterized by a ground electronic configuration of the type [Xe]4f k with k varying from 1 (Ce 3+ ) to 14 (Lu 3+ ), which is mainly responsible for their interesting photophysical properties such as long-lived luminescence and sharp absorption and emission lines.
Until recently, their radiative properties were essentially investigated from spectroscopy experiments on ions embedded in compounds or crystal lattices. Among those ions, Tm 3+ can be considered as being of moderate complexity with 4f 12 as ground state configuration. Its emission spectrum has been studied in various compounds such as, for example, in thulium ethylsulphate [7, 8] , in CaF 2 [9] , in CaWO 4 [10, 11] , in YVO 4 [12] , or in LiYF 4 [13] . With regard to the free Tm 3+ ion, the first spectrum analysis was published just a few years ago by Meftah et al. [14] who gave a selection of some prominent observed lines together with the corresponding transition probabilities estimated using a rather simple theoretical approach.
Let us also mention that triply ionized thulium has been proposed as being suitable for ultraprecise atomic optical clocks with naturally suppressed blackbody-radiation shift of clock transition frequency [15] . This ion has ground and long-living first excited states belonging to the 4f 12 configuration, giving rise to electric quadrupole transitions within the optical or infrared wavelength range. Moreover, the width of the first excited state of two-hole nf 12 configuration was estimated to be an order of magnitude smaller than that of the two-electron nf 2 first excited state with the same transition frequency making ions with nf 12 as ground configuration, such as Tm 3+ (n = 4), interesting
Available Transition Rates
The only set of radiative data for electric dipole transitions available in the literature for Tm IV was published by Meftah et al. [14] , who used the semi-empirical relativistic Hartree-Fock approach of Cowan [22] as described in the previous section. They only reported oscillator strengths for 59 transitions involving the 4f 12 3 H 6 ground level and transition probabilities for 46 lines having 4f 11 ( 4 I 15/2 )6p as upper configuration. Moreover, in this study, configuration interaction effects were discussed, in particular with core-excited configurations 5p 5 4f 13 and 5p 5 4f 12 5d which were shown to significantly reduce the oscillator strengths corresponding to 4f 12 -4f 11 5d transitions.
Using a detailed free ion Hamiltonian, including electrostatic and spin-orbit terms, as well as two-body, three-body, spin-spin, spin-other-orbit, and electrostatically correlated spin-orbit interactions, Dodson and Zia [23] calculated magnetic dipole and electric quadrupole lines and corresponding oscillator strengths within the ground configurations 4f k throughout the full trivalent lanthanide series, including Tm IV.
Computational Method Used
The computational procedure used in the present work for modelling the atomic structure and calculating the radiative parameters in Tm IV is the pseudo-relativistic Hartree-Fock (HFR) method, originally introduced by Cowan [22] . In this approach, a set of orbitals are obtained for each electronic configuration included in the model by solving the Hartree-Fock equations for the spherically averaged atom. The equations are the result of the application of the variational principle to the configuration average energies. Two different physical models were employed in the calculations.
In the first model (A), we used the same approach as the one considered previously for the analysis of the isoelectronic ion Er III [24] . More precisely, the configuration sets explicitly retained for the computations were 4f 12 , 4f 11 6p, 4f 11 7p, 4f 11 5f, 4f 11 6f for the even parity, and 4f 11 6s, 4f 11 7s, 4f 11 5d, 4f 11 6d, 4f 11 7d for the odd parity. The core-valence interactions were included by means of a core-polarization pseudo-potential and a correction to the dipole operator according to the procedure described in many of our previous papers (see e.g., [25] [26] [27] ). As a reminder, for atomic systems with n valence electrons, this core-polarization potential gives rise to the following one-particle, V P1 , and two-particle, V P2 , contributions:
(1)
In addition, the usual dipole radial integral
has to be replaced by
The core-polarization parameters used in this approach were the dipole polarizability of the Tm 4+ ionic core as reported by Fraga et al. [28] , i.e., α d = 4.32 a 0 3 , and the cut-off radius corresponding to the HFR expectation value of r for the outermost core orbital (5p), i.e., r c = 1.37 a 0 , a 0 being the Bohr radius. However, as in the case of our previous analysis related to Er III, such core-polarization corrections were not considered in the atomic orbital calculation of the ground configuration 4f 12 . The 4f electrons being indeed located deep inside the Xe-like 5s 2 5p 6 ionic core, the analytical polarization corrections to the dipole operator as introduced in our model [25] [26] [27] are no longer valid for transitions involving these electrons. As an alternative, the uncorrected <4f|r|5d> radial matrix element corresponding to the 4f 12 -4f 11 5d transitions was scaled down by a factor 0.81, as we proceeded for Er III [24] . As a reminder, this technique was found to give a good agreement between the calculated radiative lifetimes and the accurate experimental values measured for 4f 13 5d levels in Yb III [29] and 4f 12 5d levels in Tm III [30] , which can only decay by 4f-5d transitions to the 4f 14 and 4f 13 ground configurations, respectively. In their observation and interpretation of the Tm IV spectrum, Meftah et al. [14] noticed a significant reduction of the resonance transition probabilities 4f-5d when the interaction 5p 6 4f 11 5d-5p 5 4f 12 5d was treated explicitly, this reduction appearing comparable in size to the core-polarization effects included in the close spectrum of Yb IV [21] . In order to confirm this assertion and verify it for all the transition arrays considered in the present work, i.e., 4f 12 -4f 11 5d, 4f 11 5d-4f 11 6p and 4f 11 6s-4f 11 6p, we built a second HFR physical model (B) in which the 5p 5 4f 13 , 5p 5 4f 12 6p even-parity, and the 5p 5 4f 12 5d, 5p 5 4f 12 6s odd-parity configurations were explicitly added to the set of interacting configurations included in model A. In this case, no additional core-polarization corrections were included.
In both models A and B, the radial energy parameters were adjusted using a well-established semi-empirical least-squares fitting procedure [22] in order to minimize the differences between computed and available experimental energy levels. More precisely, the average energies (E av ), the Slater integrals for direct (F k ) and exchange (G k ) electrostatic interactions, the spin-orbit integrals (ζ nl ), and the two-body second-order effective interaction parameters (α, β, γ) corresponding to the 4f 12 , 4f 11 6p even-and the 4f 11 5d, 4f 11 6s odd-parity configurations, together with the 4f 11 5d-4f 11 6s configuration interaction integrals (R k ), were adjusted using all the measured level energies listed in [14] . For the configurations that are not experimentally known, Slater integrals were multiplied by a scaling factor (0.85), as suggested by Cowan [22] , while the spin-orbit integrals were kept at their ab initio values. The final results of the fits were found to be almost independent of the model used, the average energy deviations being very close to each other, i.e., 30 cm −1 (model A) and 25 cm −1 (model B) for the even parity, and 117 cm −1 (A) and 105 cm −1 (B) for the odd parity. We note that these values are comparable to the root mean-square deviations of 38 cm −1 (even levels) and 54 cm −1 (odd levels) obtained by Meftah et al. [14] using a more restricted set of interacting configurations than those considered in our calculations. The differences in standard deviations, in particular in the odd parity, can be explained by the consideration of more extended multiconfiguration expansions in our models that introduce more uncertainties in our fits due to the unknown positions of additional configurations. However, the use of these more elaborate models are necessary to obtain reliable radiative transition rates, which was not the main goal of the work published by Meftah et al. [14] , who were rather focused on the interpretation of the Tm IV energy level structure.
Electric Dipole Transitions
The oscillator strengths (log gf ) computed in the present work using our two physical models, A and B, are compared to those reported by Meftah et al. [14] in Tables 1 and 2 for transitions involving the ground level 4f 12 3 H 6 and the 4f 11 ( 4 I 15/2 )6p subconfiguration, respectively. In their investigation, the latter authors evaluated the importance of opening the 5p 6 subshell on the oscillator strengths by comparing HFR calculations with and without 5p 5 4f 13 and 5p 5 4f 12 5d configurations. In fact, when adding these two configurations to a rather simple model including 4f 12 , 4f 11 6p and 4f 11 5d, 4f 11 6s in the even and odd parities, respectively, they found that the log gf -values corresponding to the 4f 12 -4f 11 5d resonance transitions were reduced by an average value of 0.18 while the 4f 11 6s-4f 11 6p and 4f 11 5d-4f 11 6p transition rates were almost unaffected. When looking at Table 1 , we note that, for 4f 12 -4f 11 5d resonance transitions, the results obtained with our model A are in very good agreement with the oscillator strengths computed by Meftah et al. [14] ; using their model including the 5p 5 4f 13 and 5p 5 4f 12 5d configurations, the mean deviation in log gf being found to be equal to 0.02. In other words, for the 4f-5d transitions, the core-polarization corrections considered in our model A lead to results comparable to those obtained by Meftah et al. [14] when opening the 5p 6 subshell. However, this is no more the case when looking at the 5d-6p and 6s-6p transitions listed in Table 2 . Indeed, for these transitions, the oscillator strengths calculated with our Model A appear systematically smaller than the values obtained by Meftah et al. [14] or by using our Model B, the mean ratios being found to be equal to gf (A)/gf [14] = 0.77 ± 0.07 and gf (A)/gf (B) = 0.79 ± 0.03. This implies that the core-excited configurations considered in these two latter approaches (by promoting one electron from the 5p core orbital only) are not sufficient to entirely take the core-valence electron correlations into account while the core-polarization corrections used in our calculation A are expected to model not only single excitations from 5p but also from other core subshells such as 5s and 4f, for example.
As there are no experimental radiative data available in the literature for Tm IV, a possible way of assessing the reliability of the results obtained in the present work lies in isoelectronic comparisons, particularly with the study performed in Er III a few years ago [24] . In this work, radiative lifetimes of seven excited states belonging to the 4f 11 6p configuration, in the energy range from 55,547 to 81,838 cm −1 , have been measured using the time-resolved laser-induced fluorescence technique. The comparison of these accurate experimental data with core-polarization corrected HFR calculations, using the same physical model as the one considered in model A of the present work, has shown that the computed values were in excellent agreement (within 8%) with the measurements. An identical agreement (within 10%) was also found when comparing a similar theoretical model with experimental radiative lifetimes for 4f 12 6p levels between 76,721 and 82,573 cm −1 in Tm III [30] . An accuracy of the same order of magnitude can therefore also be expected for the radiative decay rates computed in the present work for transitions depopulating the 4f 11 6p levels in Tm IV, at least for the most intense lines. For all of these reasons, the model A used in the present work is expected to be the most reliable and, as a consequence, oscillator strengths (log gf ) and transition probabilities (gA) computed with this model are reported as supplementary material in Table S1 . In the latter, all Tm IV lines involving experimentally known levels for which the log gf values are greater than −4 are listed. This corresponds to 2913 spectral lines covering a wide wavelength range, from extreme ultraviolet to visible, or, more precisely, from 719 to 5325 Å.
Magnetic Dipole and Electric Quadrupole Transitions
It is well known that triply charged lanthanide ions exhibit very characteristic emission lines in the visible and near infrared regions due to 4f → 4f transitions. These transitions, forbidden by the electric dipole selection rules, are characterized by long lifetimes which facilitate 'time gated' emission experiments leading to significant improvement of signal-to-noise ratios in comparison to more traditional steady-state measurements. Therefore, radiative decay rates of such forbidden lines within the 4f 12 ground configuration of Tm IV were also computed in the present work. Transition probabilities obtained using our physical model A for the most intense magnetic dipole (M1) and electric quadrupole (E2) lines are reported in Table 3 . They are compared with the results recently published by Dodson and Zia [23] who calculated radiative transition probabilities for some M1 and E2 Tm IV lines using a detailed free ion Hamiltonian including electrostatic and spin-orbit terms as well as two-body, three-body, spin-spin, spin-other-orbit and electrostatically correlated spin-orbit interactions. When looking at Table 3 , we can note that their results are generally in good agreement (within a few percent) with our transition probabilities, if we except some E2 transitions located at 3038.774, 3847.249, 4264.491, 4437.432, 4721.408, 5759.349, 6401.911 and 7967.695 Å for which larger discrepancies are observed. However, we note that, for these particular transitions, the cancellation factor as defined by Cowan [22] is very small (<0.05), indicating that the corresponding decay rates might be affected by larger uncertainties in our calculations. For all of the other forbidden lines reported in Table 3 , an accuracy of about 10% can reasonably be estimated for our computed gA-values in view of their excellent agreement with the results obtained using a completely independent theoretical method [23] . 
Conclusions
Oscillator strengths and transition probabilities for allowed and forbidden lines in triply ionized thulium have been obtained using a pseudo-relativistic Hartree-Fock model including core-polarization effects. Due to the lack of experimental data in this ion, the reliability of the new radiative parameters for electric dipole lines has been discussed and assessed through detailed comparisons with different calculations, explicitly including some configurations with an open 5p 6 subshell, on the one hand, and through the excellent agreement observed between similar calculations and accurate laser lifetime measurements performed in the isoelectronic Er III and isonuclear Tm III ions, on the other hand. The new data concern about 3000 Tm IV spectral lines involving all the experimentally known energy levels in the 4f 12 , 4f 11 5d, 4f 11 6s and 4f 11 6p configurations. In the case of forbidden lines within the 4f 12 ground configuration, our results have been found to be in good agreement with theoretical data recently published, if we except a few electric quadrupole transitions.
Supplementary Materials: The following table is available online at www.mdpi.com/2218-2004/5/3/28/s1, Table S1 : Calculated oscillator strengths (log gf ) and transition probabilities (gA) for Tm IV spectral lines. Wavelengths in vacuum (air) below (above) 2000 Å are deduced from the experimental energy levels reported in [14] . These levels are given with their rounded energies, parities and J-values in the present table (see [14] for more complete spectroscopic designations and accurate energies).
